Introduction
Water is the most precious commodity next to air, which has been under several environmental threats over the past few centuries. Even though there have been several factors contributing to water pollution, one third of global water contamination occurs due to untreated industrial effluents and oil spillages in the oceans during its transportation and usage.
1 The spilled oil disperses over a large area of the water surface within a short duration, thereby dropping the dissolved oxygen content to a dangerously low level that is inadequate for the aquatic lives. The oil oating on the water surface prevents the sunlight to pass through it ruining the life of ora and creates an ecological imbalance. [2] [3] [4] [5] The consequences of the most infamous Gulf of Mexico oil spill accident have been huge on the aquatic ora and fauna which are noticeable even now aer seven years. 6 The infamous Exxon Valdez oil spill which occurred in 1989 released 11 million gallons of oil into the water. As the crude oil is buried just inches below the surface the beaches remain polluted till today. 7 Recently, there had been a massive oil spill accident reported near Ennore of India, which resulted in a heavy blow to countless marine lives and local residents. 8 Such incidents indicate the immense signicance of prompt removal of the spilled oil in order to protect water and the lives dependent on water. Numerous techniques have been reported so far to clean up the spilled oil from the water surface, but the complete removal of the contaminants still remains intricate. General methodologies implemented for oil spill recovery are: (1) mechanical separation by the usage of booms, skimmers and sorbents. Booms and skimmers are used to collect the spilled oil and then separated mechanically; 9,10 (2) chemical separation method by the usage of solidiers and dispersants. Solidiers are high molecular weight polymers which get solidied when added to oil by elevating the viscosity of the oil. Dispersants are added to break the oil into small granules which can be further decomposed easily; 11, 12 (3) in situ burning of oil 13 and (4) biological remediation using micro organisms like algae, bacteria, etc. The microbes transform the oil to comparatively less harmful substances via biodegradation mechanism.
14,15 Among these traditional methods, absorption is considered to be the most robust approach by far applied owing to its large adsorption capacity, high oil separation rate, cost-effectiveness, potential reusability, and ease to operate. Oil sorbents are functionalized materials which are capable of selectively absorbing either oil or water. Absorption materials which may necessitate extreme wettabilities such as superhydrophobicity, superhydrophilicity, superoleophobicity and superoleophilicity can be attained by modifying/functionalizing the chosen base materials. Absorbents utilized for the oil spill recovery until now can be extensively classied as (a) natural organic materials such as rice straw, silk ber, kapok ber, bagasse, wool ber, corn Materials belonging to each of these classes suffer from one or more drawbacks like complex synthetic strategy, difficulty to scale up, expenditure, lack of biodegradability and recyclability etc.
To function as an active oil/water separator, the materials selected should possess excellent hydrophobicity or oleophobicity. So, a readily available hydrophilic base material is oen altered in order to increase hydrophobicity/oleophobicity. Recently, Zhu et al., worked on modifying the polyurethane sponges with electroless Cu deposition and further treating with AgNO 3 and n-dodecanoic acid to impart hydrophobicity.
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Similarly, Zhou et al., fabricated superhydrophobic cotton fabrics by in situ vapor phase deposition of PANI and PTES for oil/water separation. 33 Researchers also worked with carbon based materials viz. graphene treated melamine sponge, candle soot coated nickel foam and CNT/poly(dimethylsiloxane) coated polyurethane sponge. [34] [35] [36] Even though several reported materials have been shown to function as exceptionally good oil water separators, their real time application is hampered due to the cost and complicated synthesis procedure. In this work, we aim to develop an inexpensive, easily scalable and hydrophobic/ oleophilic material with good selectivity towards oils from oilwater mixtures.
A well-established way to introduce hydrophobicity or superhydrophobicity to a surface of a material is through functionalizing via either silicon derivatives or uorine containing compounds. 18, [36] [37] [38] In this research paper, neither silicon derivatives nor uorinated compounds have been made use for achieving hydrophobicity. Polythiophene (PTh) has been selected as a compound to make a surface hydrophobic. Unlike these usual modiers, here, we propose the incorporation of polythiophene (PTh) to a sponge wipe made up of natural cellulose that is utilized in kitchens. PTh, one of the most prominent conducting polymers and its derivatives have been used in a variety of applications such as batteries, eld-effect transistors, photovoltaic devices and in biology. [39] [40] [41] [42] Pristine polythiophene is insoluble in many common solvents due to which it does not nd scope in many areas. Due to the functionalities present in the polythiophene chain (aromatic ring containing a sulphur atom), it is hydrophobic. So far, there is no literature report available for demonstrating the hydrophobicity of polythiophene for environmental remediation or for any other application. Thus, the main objective of this work is the development of hydrophobic/ultrahydrophobic surfaces from hydrophilic cellulose materials via polythiophene for oil-water separation. The fabrication of polythiophene modied cellulose sponge and cellulose fabric is carried out through a facile single step synthesis by involving water as a solvent.
The cellulose sponge modied with PTh (PT-CS) is used as a sorbent and absorbs oil/organic solvent alone from the oilwater mixture. The cellulose fabric coated with PTh (PT-CF) is used as a lter and allows only the oil/organic solvent alone to pass through it.
Experimental

Materials required
Anhydrous ferric chloride and organic solvents were purchased from Rankem chemicals, India. Thiophene was procured from Alfa Aesar, India. All the chemicals purchased were of analytical grade and used as such without any further purication. Cellulose sponge (20 cm Â 17.5 cm) used as a kitchen wipe and cellulose fabric were purchased at local departmental stores. Oils used such as petrol (gasoline), diesel and motor oil were bought from local petrol stations. Kerosene and vacuum pump oil were purchased at local stores. Deionized water was utilized throughout the work.
Polymerization of thiophene on the cellulosic sponge and fabric
The surface of the cellulose sponge was functionalized through a facile single step oxidative polymerization of thiophene. Cellulose sponge was cut into small pieces with the dimensions of 2 cm Â 2 cm Â 0.35 cm. The sponge was cleaned by immersing it in deionized water for 30 minutes to remove any soluble impurities, followed by drying in an oven at 70 C for about 30 minutes. For 1.05 g (0.012 mol) of thiophene, 8.9 g (0.055 mol) of anhydrous ferric chloride was used as a catalyst aer its dissolution in 20 ml of water. 43,44 1 ml thiophene was taken in a 100 ml beaker in which the cellulose sponge was kept immersed for 30 minutes. Then the sponge was removed from thiophene and the total amount of thiophene absorbed by the sponge was assessed gravimetrically. This ensured the physisorption of thiophene on the sponge and aided to quantify the amount of catalyst to be added stoichiometrically. Besides, this step prevented the thiophene monomer getting clumsily polymerized in the reaction ask rather than on the sponge on the addition of a catalyst. The thiophene absorbed sponge was taken in a 250 ml RB ask and the required amount of ferric chloride solution was added to it. The reaction mixture was kept in an ice bath and the reaction was allowed to proceed for about 2 h under constant stirring. Aer 2 h, the sponge was removed from the reaction mixture, washed repetitively well with deionized water and dried in a heating oven at 70 C for 30 minutes. The same procedure was adopted for the polymerization of thiophene on the surface of the cellulose fabric. Prior the polymerization, the cellulose fabric was cleaned well with acetone and deionized water to remove all the soluble impurities present in it.
Characterization techniques
The infrared spectra were recorded using Bruker Tensor 27 FTIR spectrometer scanning in the region ranging from 4000 to 600 cm À1 to conrm the presence of PTh aer modication. The surface morphology of the cellulosic materials was analyzed using JEOL JSM -6390LV scanning electron microscope at an accelerating voltage of 20 kV. The water contact angle (WCA) studies were done using KRUSS DSA E20 contact angle goniometer to measure the extent of hydrophobicity of the modied materials using the sessile droplet method. The mechanical properties of the modied and unmodied sponges were examined using Tinius Olson universal testing machine by the application of axial load until the material gets ruptured. Separation efficiency was cross-examined with thermogravimetric studies using Mettler Toledo TGA by heating the oil before and aer ltration at a heating rate of 5 C per minute under nitrogen atmosphere.
Oil sorption studies
Between the modied cellulose sponge and fabric, only the cellulose sponge with a large surface area was analyzed as oil absorbent. Oil absorption studies were carried out for the modied sponge by gravimetric method. The absorption of various types of oils (vacuum pump oil, motor oil, kerosene and petrol) and organic solvents (hexane and toluene) of different densities and viscosities were examined using the modied cellulose sponge. The pre-weighed sponge was kept immersed in oil/solvent. For every 10 minutes of the interval, the sponge was removed from oil, hung in the air for few seconds for oil to drip out and then weighed carefully to measure the weight of the absorbed oil/solvent. Extreme care was taken to avoid the evaporative loss of absorbed oil at room temperature. The kinetic studies were carried out until a saturation limit of oil/ solvent absorption was achieved. From the difference in the weights of the absorbent before and aer oil absorption, the absorption capacity (k) of the sponge was calculated using the relation,
where W 1 and W 0 are the weights of the sponge aer and before the sorption process, respectively.
Effect of temperature and ionic strength
Inuence of temperature and salinity (to understand the real possible application in the marine environment) were investigated by using high density motor oil. High density motor oil was selected as example oil as it had the highest absorption capacity exhibited by the modied sponge. The percentage absorption of PT-CS sponge was calculated aer 1 hour immersion in oil, maintained under various temperature conditions ranging from 0 C to 50 C. And the effect of ionic strength was studied by choosing the common salt sodium chloride as an electrolyte. The PT-CS sponge was immersed for 1 hour in a mixture containing sodium chloride and motor oil and then the absorption capacities were calculated. Saline solutions of various concentrations ranging from 0.1 M to 0.5 M were utilized for studies and the corresponding percentage absorption of motor oil was determined.
Recyclability studies
The spilled oil/solvent that was absorbed by the sponge could be reused again aer recovering it via a simple mechanical squeezing process. Aer the mechanical squeezing, to make sure the complete removal of the absorbed oil/solvent, the sponge was washed with hexane and dried in a hot air oven at 70 C for 30 minutes. Aer the PT-CS sponge had been allowed to cool down, it was reused for the next cycle of oil absorption. The absorption efficiencies for 5 cycles were recorded.
Oil-water separation efficiency
The superhydrophobic cotton fabric prepared is analyzed for its efficacy as continuous oil-water separator. Gravity driven separation methodology using an ordinary funnel and a round bottom ask was followed for the calculation of separation efficiencies. To demonstrate the oil-water separation via the fabricated lter, the PT-CF fabric was rst placed inside a funnel. A mixture containing equal amounts of oil and water was poured into the funnel. Extreme care was taken during the volume measurement by keeping in mind the volatile nature of few of the oils involved in the study. The oil-water separation efficiency (SE) was evaluated using the formula.
where V iso corresponds to the volume of the isolated oil aer ltration and V s is the volume of oil slightly absorbed by the fabric, respectively. The volume of oil before the ltration process is denoted by V 0 .
Results and discussion
The formation of PTh on the cellulose materials is veried by FTIR spectral data. The IR spectra for the modied and unmodied cellulose fabric are shown in Fig. 1 . The raw cellulose fabric shows the usual IR pattern which has characteristic peaks of the functional groups present in cellulose. The peak present at 1642 cm À1 is due to water absorbed by cellulose.
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The cellulose fabric aer the modication gives rise to signi-cant peaks authenticating the formation of PTh on the surface of the material. The decrease in the value of transmittance postmodication might be due to the formation of a denser and smoother PTh layer on the surface of the material. The new peak appeared around 790 cm À1 can be associated with 2,5-disubstituted thiophene, which conrms the presence of thiophene in its polymeric form. 47 The peak shown at 1642 cm À1 due to the absorbed water is present in the spectra of both unmodied and modied fabric. A peak at the same region can be accounted for a stretching vibration of -C]C bonds. But it can be clearly seen that the intensity and sharpness of the peak have been enhanced to a greater degree aer the polymerization. The reason for this deviation is that there would be an additional contribution from polythiophene -C]C bonds aer the polymerization. Surface morphological studies and elemental analysis of the cellulosic material before and aer the modication are done via SEM imaging technique. The microscopic images and the energy dispersive X-ray spectroscopic (EDAX) images are given in Fig. 2 . From the SEM image of the modied cellulose surface, it is highly evident that the PTh develops uniform coating over the cellulose surface, thereby smoothening its surface in comparison with that of raw cellulose. Also, the SEM image of the unmodied fabric possesses a bright lining at the edges of the bers as a result of the charge accumulation or building up of static electrical charges on top of the specimen. This bright line seems to be missing in the PTh modied material whose SEM analysis was also recorded under identical parameters and conditions. During SEM image acquisition, the charging effect on the surface can be typically minimized by coating with a conductive material. Therefore, the reduction in the charging effect must be due to the presence of a thin conductive lm which is polythiophene in this study. This observation as well ascertains the formation of PTh on the surface of the material.
Along with SEM images, the corresponding EDAX spectra are also recorded and the data are shown in Fig. 2c and d . In EDAX spectra, the Ka emission band for elemental sulphur is found at 2.3 keV. In contrast, a shi in the energy of the X-rays leads to an identical peak appearing at 2.6 keV, which is a distinctive peak obtained for thiophenic sulphur. 48 The EDAX result presented in Fig. 2d agrees well with this literature data and supports the formation of polythiophene under the normal reaction conditions followed in this work. The composition data obtained reveals the quantity of sulphur loaded to the cellulose material is very low.
Wettability of the modied and unmodied materials is explored by static water contact angle measurements. When a drop of water is added onto the surface of the raw cellulose sponge, it absorbs the water droplet immediately as the contact angle being nearly zero. The same behavior is witnessed on the surface of the fabric too. On the contrary, water remains on the surface without penetrating deeper, when placed on top of the modied sponge and the modied fabric. The hydrophobic nature of the cellulose materials aer the modication has been given in Fig. 3 . The modied fabric exhibits a water contact angle around 151. 6 making it an ultrahydrophobic material as shown in Fig. 3d . On the other hand, the modied sponge displays a water contact angle of 126.6 . The results imply that the superhydrophobic polythiophene lm follows Cassie-Baxter model. 49, 50 The model suggests that on a hydrophobic body, a liquid droplet remains oating on the surface, creating solidair-liquid interface which in turn acts as the cushion. 51 The dissimilarities in the extents of wettability is owing to the fact that the surface of the fabric is more uniform as against the relatively rough surface present in the cellulose sponge. This disparity in the nature of the surface may result in different extents of polymerization and functionalities. These are one of the most important factors which determine the surface free energies. The wettability experiments illustrate that the modied sponge is hydrophobic and the modied fabric is ultrahydrophobic in nature, thus making the polythiophene coated fabric an ideal material for oil-water ltration and the polythiophene coated sponge for oil absorption. The photographic images of the modied fabric showing the hydrophobic character are given in Fig. 4 . Water gets absorbed by the fabric instantly (Fig. 4a) but remains on the surface of the polythiophene modied fabric (Fig. 4b) . The same effect is with the PT-CS sponge and also it exhibits good buoyancy property on the surface of the water shown in Fig. 4c .
From the above results, it is clear that the material exhibits hydrophobic behavior and further PT-CS sponge can be used as the sorbent material for the separation of oil from water. Absorption capability and the duration for the corresponding oil absorption determine whether a synthesized material would be an effective absorbent or not. From the percentage absorption values calculated, we understand that an oil/solvent with high density gets absorbed to a greater extent when compared to that with low density, by the modied cellulose sponge. The density values for the various oils/solvents used are provided in Table 1 . Among the oils used, motor oil having the highest density (0.8503 g ml À1 ) shows a percentage absorption of 748, which is the highest % absorption exhibited by the sponge. It is reported that the oil with high viscosity will adhere strongly to a hydrophobic material via intermolecular hydrophobic interaction and thereby exhibits the high oil absorption capacity.
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The supposition is conrmed by the absorption behavior shown by toluene. Even though the density of toluene is equally as high as that of motor oil (0.863 g ml À1 ), the percentage absorption is around 570 due to the relatively lower viscosity of toluene. 1 g of PT-CS sponge absorbs 7.5 g of the high density motor oil and reaches the saturation limit promptly in 60 minutes. The PT-CS sponge attains saturation within 90 minutes towards all the oils/solvents taken for the study, irrespective of their viscosities. A kinetics graph is plotted between time and percentage absorption as shown in Fig. 5 . The kinetic plot affirms that the absorption phenomenon follows Fickian diffusion mechanism.
To expand the applicability of the proposed materials from a lab to a marine ecosystem, it is essential to understand the oil uptake behaviour at different temperatures and different degrees of salinities. There is a small change in the magnitude of the absorption capacities while swinging the temperature from 0 C to 50 C. The absorption capacity of the sponge varies from 7.6 g g À1 to 6.8 g g À1 on increasing the temperature from 0 C to 50 C (Fig. 6a) . As the temperature parameter has a very profound effect on viscosity, with reduction in temperature, the viscosity of the oil increases and the reverse occurs with increase in temperature. As discussed earlier viscosity plays a vital role in oil absorption capacity and hence the PT-CS sponge exhibits higher absorption at low temperature than higher temperature. The PT-CS sponge remains stable on increasing the ionic strength of the water from 0.1 M to 0.5 M (Fig. 6b) . The increase in salinity is found to not affect the absorption capabilities as well as the buoyancy of the PT-CS sponge. These results authenticate the usage of the cellulose sponge in sea water.
For a practically exploitable reusable oil absorbent material, mechanical properties such as tensile strength, extension and elasticity are imperative characteristics. Therefore, a tensile stress-strain percentage curve is drawn to analyze the tensile strength and the shape retention capability of the material (Fig. 7a) . Both the modied and unmodied cellulose sponges show a non-linear elastic behavior at the beginning load range and aer that displays a constant strain before getting ruptured. This trend variation in the strain might be due to the orientation of the cellulose bers being random and uniform with respect to the direction of the tensile stress applied, at lower and higher loads respectively. It is also seen that the percentage of strain at which the breaking occurs decreases from 31% to 17.5% aer the modication. The tensile strength values for the unmodied and modied cellulose sponge are 2.28 MPa and 1.87 MPa, respectively. From these inferences, it is learnt that introduction of polythiophene on the cellulose sponge has caused a profound variation in the viscoelastic properties of the material. This observation can be rationalized as the diminishing of the extensive intermolecular interactions present in the raw cellulose occurs due to the presence of rigid polythiophene units. Additionally, a load versus extension graph is presented in Fig. 7b . The raw cellulose sponge acquires the maximum load of 50 N whereas the modied material reaches the maximum elongation by applying the load of 41 N itself. These studies reveal that the mechanical properties have drastically changed aer the modication process. Both the sponges possess very good shape retention ability i.e. the materials regain their shape and size even aer the application and release of a very high load. The mechanical studies were done at ambient temperature conditions.
For a successful absorbent material, reusability is the desirable quality due to which the preparation cost and time can be minimized. From recyclability studies, it is determined that the PT-CS sponge can be reused for 5 cycles with the retention of 70% of the original absorption efficiency. The oil/ solvent is removed from the sponge by a simple mechanical squeezing process and the oil isolated can be reused. On increasing the number of cycles the absorption capacity of the sponge is found to diminish gradually and a graph is plotted between percentage absorption and number of cycles (Fig. 8) .
When a mixture containing oil and water is poured through the modied fabric, the oil alone starts draining through the stem of the funnel as the fabric restricts the passage of water through it (Fig. 9) . Thus driven by gravitational force, the oil gets separated out and is collected in a container within few seconds shown in the Video (ESI †). For the identication purpose, water is dyed with rhodamine B and oil/solvent is used as such. By this simple procedure, a large quantity of oil/solvent contaminated with there is 30% loss in the absorption capacity on reusing the sponge for the 5th cycle. Fig. 9 Filtration of the petrol-water mixture using modified fabric with the help of simple funnel and round bottom flask setup.
water can be separated easily and rapidly. The separation efficiency values are found to vary a little bit with respect to the nature of the oils, where the average separation efficiency is found to be 99.2% for the modied cotton fabric. To crossexamine the results acquired using volume data, we tried to repeat analyzing the separation efficiency with thermogravimetric analysis. As a result of high volatility associated with few oils, we could not perform the TGA for all the oils. For TGA trial, vacuum pump oil with relatively less volatility is chosen. The thermal analyses of the vacuum pump oil before and aer ltration are done as shown in Fig. 10 . The result interpreted from the thermogram i.e. the difference in the weights of the oil before and aer ltration matches with the results received earlier from the volume data, which is 99.2%. This assures the plausible utility of the modied cotton fabric as oil water separator.
Conclusion
A simple, inexpensive and easily scalable hydrophobic material is proposed for oil-water separation. Biodegradable cellulose sponge and cellulose fabric are taken as base materials and they are treated with polythiophene. The PT-CF fabric shows superhydrophobic behavior with the water contact angle around 151. 6 and the PT-CS have the water contact angle around 126.6 . The PT-CS sponge acts as good oil absorbent and the PT-CF fabric acts as a good lter to separate oil and water. The PT-CS sponge withstands both high and low temperature and also remains stable on increasing the salinity of the water. Mechanical studies also authenticate the durability of the sponge as effective oil absorbent. One gram of the PT-CS sponge absorbs a maximum of 7.5 g of high density motor oil. Both the PT-CS sponge and the PT-CF fabric can be reused for several cycles without much loss in the absorption property. Thus, the above prepared material promises to be a potential adsorbent for large scale separation of oil-water as well as for small scale cleanings in labs. The precursor materials chosen are costeffective and safe to handle leading to a feasible utility of the proposed materials commercially. 
